only sometimes a serine residue. Positions 40 in GABARAP and 42 in LC3 subfamilies are conserved and typically basic, whereas the GATE-16 family position corresponding to them, 40, is not well conserved and includes basic residues only in some proteins. At present it is unclear what functions, if any, are associated with these sequence features. Sponges, the oldest surviving basal multicellular animals [5] , have genes from all three ATG8 subfamilies. Choanoflagellates, unicellular species that are the closest known relatives of animals [6] , have ATG8 genes that do not belong to the three metazoan subfamilies (Figure 1a ). It thus seems that the ATG8 gene family diverged into its three subfamilies during the emergence of multicellular animals, and that although the subfamilies underwent further expansion in some lineages, in other lineages some subfamilies were lost. In higher plants the ATG8 genes have also diverged, with Arabidopsis thaliana including eight such genes that can be grouped into three clusters. Different A. thaliana ATG8 genes showed distinct spatial and temporal expression patterns in different tissues [7] .
Characteristic structural features
The structures of several Atg8 family members have been solved for mammals, yeast, invertebrates and the parasite Trypanosoma brucei [8] [9] [10] [11] [12] [13] [14] [15] . These studies showed that all Atg8 proteins share a strong structural similarity to ubiquitin, despite the lack of similarity in amino acid sequence. GATE-16, the first Atg8 to be crystallized, contains two amino-terminal α-helices in addition to its carboxy-terminal ubiquitin core [13] . Subsequent studies confirmed that these features are a unique characteristic of all Atg8 proteins [8] [9] [10] [11] [12] [13] [14] [15] (Figure 2 ). The two aminoterminal α helices differ between the various mammalian Atg8 proteins; thus, for example, the first α helix of the LC3 subfamily is strongly basic, whereas in the GABARAP and GATE-16 subfamilies this region is acidic [15] . The ubiquitin core of the Atg8 proteins consists of a four-stranded central β sheet, in which the two central strands are parallel to each other and the two outer strands are antiparallel to the central strands. Between these strands lie two α helices: α3 between β2 and β3, and α4 between β3 and β4 [16] . This domain contains a basic feature that is conserved among family members and is suggested to have a role in protein-protein interactions. The molecular surface lying on the opposite side of the three-dimensional structure is poorly conserved and might mediate interactions specific to different Atg8 proteins [17] , whereas the conserved domain is probably responsible for characteristic interactions of Atg8 proteins, such as binding to the conjugation machinery proteins. During the autophagic process Atg8 proteins bind to numerous factors, such as proteins and possibly membranes [18] . A study by Coyle et al. [8] provides structural evidence for conformational changes resulting from protein-protein interactions. GABARAP was found to have two distinct conformations: a closed conformation, in which the α helices project down towards the surface of the ubiquitin core, and an open conformation, in which the ten amino-terminal amino acids are directed away from the ubiquitin core. The latter conformation is stabilized by the oligomeric state of the protein and points to flexibility in the Atg8 amino-terminal region. A conformational change was also reported in an in vitro reconstitution assay of yeast Atg8, in which accessibility of the amino terminus to antibody increased on conjugation of Atg8 to phosphatidylethanolamine (PE)-containing liposomes [19] . Taken together, these findings suggest that the Atg8 amino-terminal region has a crucial role in the functions of these proteins [20] [21] [22] . Differences between the various Atg8 proteins in this region might reflect their distinct functions. The amino-terminal region might also be a target for post-translational regulation.
Localization and function

Gene expression
Atg8 proteins seem to be ubiquitously expressed, although some subfamily members are expressed at increased levels in certain tissues. The signaling pathways and transcription factors regulating their expression are only partially characterized. Of the LC3 subfamily, LC3C, which is transcribed at lower levels than other members of this subfamily, is expressed predominantly in the lung [23, 24] . Expression analysis of the different GABARAP proteins reveals a distinct pattern: GABARAP-L1 is expressed predominantly in the central nervous system, similar to GATE-16, which is strongly expressed in the brain, whereas the expression of GABARAP is more marked in the endocrine glands [25, 26] .
Upregulation of Atg8s is observed under various stress conditions [27] [28] [29] [30] . Although the transcriptional regulation of Atg8 genes is largely unknown, several reports have shown that the transcription factors FoxO1, FoxO3 and E2F1 regulate Atg8s in this process in mammalian cells [31] [32] [33] [34] . Deciphering the expression patterns of specific Atg8 genes at transcriptional and translational levels may shed new light on their different physiological roles.
The role of Atg8 in intracellular trafficking processes
Atg8s were originally implicated in membrane trafficking processes [35] . Members of this protein family were initially connected to the SNARE fusion machinery that mediates the vast majority of intracellular trafficking processes. The AAA ATPase N-ethylmaleimide sensitive factor (NSF) promotes the disassembly of the SNARE complex, a step essential for multiple membrane fusion events. GATE-16 was characterized as a factor essential for intra-Golgi protein transport and was later shown to modulate this process by coupling NSF activity and the Golgi SNARE factor GOS-28 [26, 36, 37] . LC3 was first characterized as a protein that co-purified with microtubule-associated proteins 1A and 1B [38, 39] , but no direct involvement of this protein in membrane trafficking processes has been reported. GABARAP, however, was identified as a cytosolic protein that is localized to trans port vesicles, the Golgi network and the endoplasmic reticulum (ER) and that interacts with the γ2 subunit of GABA(A) receptors [40] . This interaction is thought to be essential for trafficking of the GABA(A) receptor to the plasma membrane [41] . A recent study showed that GABA(A) receptor trafficking is dependent on processing of the GABARAP carboxyl terminus [42] . GABARAP's involvement in vesicle transport is not limited to the GABA(A) receptor; other plasma membrane proteins, such as the transferrin receptor, interact with GABARAP, although the role of GABARAP in their transport is not well established [43] . Moreover, ER-to-Golgi transport is also controlled by GABARAP, as it interacts with PX-RICS, which is involved in transport of synaptic proteins to the ER. It has been suggested that these factors mediate the transport of the transmembrane protein N-cadherin and its receptor β-catenin from the ER, thus controlling cell-cell adhesion [44] . The role of GABARAP in intracellular transport is also supported by its interaction with NSF, a component essential for SNARE-mediated fusion [41, 45] . Similar to LC3, GABARAP binds to tubulin through its amino-terminal region, an interaction that regulates clustering of GABA(A) receptors [8, 46, 47] . Like GABARAP, GABARAP-L1 has been shown to interact with the GABA(A) receptor and tubulin in brain extracts, as well as with NSF [48, 49] . GABARAP-L1 also binds directly to the G-protein-coupled κ-opioid receptor and mediates its transport in a manner dependent on modification of the carboxyl terminus [48, 50, 51] . The role of mammalian Atg8s in intracellular trafficking processes is depicted in Figure 3 .
Consistent with the involvement of mammalian Atg8s in membrane fusion events, the yeast Pichia pastoris Atg8 was recently found to mediate vacuolar fusion during adaptation from glucose-to methanol-containing medium [52] . This activity might involve the previously reported interaction of Atg8 with SNAREs in the yeast system [53] .
To summarize, the mammalian GABARAP and GATE-16 subfamilies and the yeast Atg8 have been implicated in intracellular protein trafficking, but their exact role in these processes is not fully understood. The current consensus suggests that these molecules mediate trafficking both by escorting individual cargo molecules and possibly as regulators of membrane fusion events.
Atg8 proteins are key cytoplasm-to-vacuole targeting and autophagic factors
The first link between Atg8 proteins and autophagy was established in Saccharomyces cerevisiae, where the single Atg8 protein was identified as an autophagy and cytoplasm-to-vacuole targeting essential factor [54] [55] [56] . Cytoplasm-to-vacuole targeting is responsible for transporting vacuolar protein residents, such as aminopeptidase I (Ape1) and α-mannosidase (Ams1), to the vacuole [57, 58] . In yeast, Atg8 expression is upregu lated during nitrogen starvation and is degraded in the vacuole following recruitment into autophagosomes [59] . Subsequent to its translation, Atg8 undergoes several modifications, starting with cleavage in its carboxy-terminal region to expose a glycine residue. This cleavage is The GABARAP and the GATE-16 subfamilies both participate in transport from the ER to the Golgi and within the Golgi apparatus. GABARAP, together with PX-RICS, participates in N-cadherin/β-catenin transport from the ER to the Golgi. GATE-16 has been implicated in intra-Golgi transport through its interaction with Golgi SNARE protein 28 (GOS-28). Both subfamilies can interact with NSF, suggesting that they participate in regulation of membrane fusion events. mediated by the cysteine protease Atg4, which is specific to Atg8 proteins [60, 61] . The cleaved Atg8 is than processed by a ubiquitin-like conjugation machinery composed of Atg7, an E1-like enzyme [62] , and Atg3, a specific E2-like ligase [63] . Unlike ubiquitin, which is conjugated to a protein, Atg8 is covalently conjugated to PE lipid through its carboxy-terminal exposed glycine [64] . Atg4 has a dual role, as it is also responsible for the de-conjugation of Atg8 from the autophagic membrane (Figure 4a ) [64] . Similar to many other cytoplasm-tovacuole targeting and autophagic factors, Atg8 is localized to the pre-autophagosomal structure under basal and nitrogen depletion conditions [65] , a process dependent on the phagophore resident complex Atg5-Atg12-Atg16 [66] . The Atg5-Atg12 conjugate acts as an E3-like ligase, mediating the formation of Atg8-PE conjugate in vitro, suggesting a role for this complex in determining the Atg8 conjugation site in cells [67] . Recent evidence implicates Atg8 in both autophagic cargo recruitment and autophagosome biogenesis [18] . Atg8 has a key role in the cytoplasm-to-vacuole targeting pathway as it binds to the receptors Atg19 and Atg34, thereby mediating the recruitment of different cargo molecules into autophagosomes [57, 58] . Atg8 also participates in formation of the autophagosome and is essential for elongation of the autophagic membrane [68, 69] . This role was further established using an in vitro liposome-based system, where it can promote membrane fusion [20, 22] . The roles of Atg8 in autophagosome biogenesis and in cargo recruit ment overlap, as mutations that abolish Atg8 The role of Atg8 proteins in the autophagic process. Atg8 proteins are recruited to the autophagic membrane together with autophagic cargo adaptors. On the autophagic membrane Atg8 proteins are conjugated to PE lipids, enabling them to mediate membrane fusion events leading to autophagosome biogenesis. Different Atg8 proteins recruit distinct adaptors and are therefore responsible for the delivery of specific cargo (protein aggregates, organelles such as mitochondria and pathogens) for lysosomal degradation.
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Atg5-12 binding to Atg19 receptor also disrupt autophagosome biogenesis [70, 71] . In addition to its interaction with the conjugation proteins, Atg8 also binds to other autophagic factors, such as Atg1, which might regulate its recruitment and activity on the autophagic membrane [60] . Other, more general trafficking factors interact with Atg8, including Shp1, a substrate that recruits a cofactor of Cdc48. This interaction was suggested to control the forma tion of autophagosomes [72] , indicating that Atg8 might provide a link between classical autophagic machinery and general trafficking factors that are crucial for autophagy. Although mammalian Atg8 proteins were originally implicated in intracellular trafficking processes, they are all found within autophagosomes [73] [74] [75] . Collectively, they undergo similar post-translational modifications to those of yeast Atg8, but this is mediated by mammalian orthologs of Atg4, Atg7 and Atg3 [76] . It was suggested that Atg16L (the mammalian Atg16) determines the lipida tion site of LC3 and serves as its E3 ligase [77] . Arrival of Atg8 proteins at the autophagic membrane depends on the hierarchical recruitment of numerous auto phagic factors, including phosphatidylinositol-3phosphate-binding proteins [18] .
Consistent with the presence of multiple Atg8 members in mammals, Atg4 also seems to have several homologs. These homologs show different specificities toward Atg8 proteins: Atg4B shows a broad spectrum for all family members [78, 79] , whereas Atg4A is specific to the GABARAP and GATE-16 subfamilies [80, 81] . By contrast, Atg4C and Atg4D are less active and their role in the autophagic process has yet to be established [80] . Atg4 might function in pathways other than autophagy, as cleavage of Atg4D by caspase increases its activity and consequently promotes GABARAP-L1 processing [82] . Atg4 regulates a critical step in the autophagic process and is therefore subjected to regulation by reactive oxygen species, for example, which prevent it from reversing the conjugation of Atg8 proteins to PE during autophagy [83] .
Among Atg proteins, the Atg8 family is the only one associated with mature autophagosomes and members therefore serve as bona fide markers for this unique organelle. Thus, transgenic mice and tissue-culture cells expressing GFP-LC3 have been used to investigate autophagy [84, 85] . However, the existence of numerous mammalian Atg8 proteins has hindered investigation of their precise role in autophagy. Several approaches aimed at disrupting the functioning of Atg8 proteins by preventing their conjugation to PE have therefore been used, including the generation of Atg3-null mice and expression of a dominant-negative mutant of the promiscuous protease Atg4B. These have led to the conclusion that PE-conjugated Atg8 proteins are active during autophagosome formation and are essential for the elongation and closure of the initial autophagic membrane, the phagophore [86] [87] [88] . A recent report [22] implicates both the LC3 and the GABARAP subfamilies in membrane fusion following conjugation to PE. This study [22] revealed that the first amino-terminal α helix of the Atg8 proteins was both essential and sufficient for this activity. Moreover, different characteristics within the amino termini of the Atg8 subfamilies are involved in their fusion activities. The first attempt to investigate the role of each Atg8 subfamily in autophagosome biogenesis was prompted by a study in which individual Atg8 proteins were knocked down [89] . Apparently, both the LC3 and the GABARAP/GATE-16 subfamilies are essential for autophagy, as they act at different stages of autophagosome formation: members of the LC3 subfamily are responsible for the elongation of the autophagic membrane, whereas GABARAP/GATE-16 subfamily members act downstream in a step coupled to dissociation of the Atg12-Atg5-Atg16L complex [89] . In addition to their direct role in fusion events during autophagosome biogenesis, Atg8 proteins have an indirect role in which their binding to diabetes-and obesity-regulated protein (DOR) and to tumor protein 53-induced nuclear protein 1 (TP53INP2), two proteins that shuttle between the nucleus and the cytoplasm, regulates autophagosome biogenesis [90, 91] .
The crucial role of Atg8 proteins in autophagosome biogenesis is controlled by numerous factors and modifications, such as acetylation and phosphorylation. Acetyla tion of the autophagic factors Atg5, Atg7, Atg8 and Atg12 is mediated by the acetyltransferase p300 and negatively regulates their activity [92] . Phosphorylation of LC3 seems to have a similar effect, as it was recently reported to negatively regulate autophagy [93] . Overall, Atg8s serve as key factors in the autophagic process by directly mediating membrane-remodeling processes and interacting with an extensive repertoire of proteins. These features are indispensable for the formation of an intact autophagosome and are therefore tightly regulated.
Atg8 proteins are involved in recruiting cargo into autophagosomes
The role of Atg8s in autophagy extends beyond their function in autophagosome biogenesis. Like their Atg8 yeast ortholog, mammalian Atg8 proteins participate in cargo delivery into autophagosomes. Although the autophagic pathway in mammals has been referred to as a nonselective process, it seems that Atg8 proteins selectively target cytosolic components for lysosomal degradation [18] . Considerable progress in establishing this idea was achieved by the characterization of the ubiquitin-binding proteins p62/SQSTM1 [94] , neighbor of Brca1 (Nbr1) [95] , the Bcl2-related protein Nix [96, 97] , autophagy-linked FYVE protein (Alfy) [98] [99] [100] , nuclear dot protein 52 kDa (NDP52) [101] , and Optineurin [102] as autophagic receptors. These adaptors bind simultaneously to Atg8 proteins and to ubiquitinated proteins, organelles, and in some cases pathogens [18, 94, 103] . The motif in p62 responsible for binding Atg8, the LC3interacting region (LIR, also known as Atg8-interacting motif, AIM) [104, 105] , is common to other proteins that interact with Atg8 proteins, including Nbr1 [106] , Atg3 [107] , Nix [96] and the yeast cytoplasm-to-vacuole targeting receptor Atg19 [108] .
Functional divergence of the Atg8 subfamilies is also inferred from specific interactions. Apparently, p62 binds both GATE-16 and LC3 in their soluble forms, but its interaction with LC3 but not with GATE-16 remains intact following their lipidation [21] . Thus, recruitment of p62 into autophagosomes specifically depends on LC3. This interaction, like other functions of Atg8 proteins, is dependent on the most variable region of these proteins, the amino terminus. Specificity of cargo recognition also applies to the GABARAP subfamily, as GABARAP-L1 binds to starch-binding-domain-containing protein 1, a carrier of glycogen. This interaction results in the arrival of glycogen at the lysosome and is therefore suggested to regulate cellular glucose levels [109] . The role of Atg8s during the autophagic process is depicted in Figure 4b .
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Atg8 proteins act in diverse intracellular trafficking and autophagy processes. Although the number of Atg8 genes increases if one compares organisms that diverged early with those that diverged late in evolution, their conjugation to PE on the autophagic membrane remains a common feature conserved through evolution. Considerable scientific advancement over the past few years has revealed many Atg8 functions during autophagy, but has also raised many new questions. One major question is how these factors orchestrate their dual role in membrane fusion and cargo recruitment into autophagosomes.
Although mammalian cells are thought to have as many as eight Atg8 proteins, the exact number is not clear, largely because these factors do not show a unique pattern of expression. Although the mammalian Atg8 subfamilies seem to act differently during the formation of autophagosomes, the need for up to four members from each subfamily has yet to be revealed. In particular, it is crucial to determine whether different members of one subfamily occupy the same autophagosomes or whether each member acts in a distinct autophagosome. This may help in deciphering whether autophagy, induced by different stress conditions, results in the formation of 'specialized' autophagosomes containing distinct Atg8 members. Moreover, substantial proteomic data are needed to establish the cargo specificity of each Atg8 member. Selectivity of autophagy was recently reported for many organelles, such as peroxisomes (pexophagy), mitochondria (mitophagy) and ribosomes (ribophagy) [18] . It is feasible that different members of the Atg8 family are crucial for selective autophagy. The role of Atg8s in intracellular trafficking has not been extensively studied. Some lines of evidence show that the conjugation of Atg8s, specifically GABARAPs, to PE is essential for their activity. This should be further investigated by testing the requirement of the Atg8 conjugation system for Golgi-to-plasma-membrane trafficking.
One major obstacle in studying the role of individual Atg8 family members is their high sequence similarity. This feature reduces the specificity of antibodies, as antibodies against GABARAP, for example, may interact with GABARAP-L1. It is therefore crucial to exploit unique epitopes within these proteins to construct novel specific antibodies. Furthermore, the overexpression approach is not optimal as LC3 proteins tend to form aggregates when transiently expressed [110] . To overcome this pitfall, species that contain one Atg8 representative from each subfamily could be used to elucidate their role. Moreover, knockout mice of specific Atg8 subfamily members will help in dissecting these proteins' roles during development and in a tissue-specific manner. These are some of the questions and challenges that will be the focus of future studies.
